This paper aims at an investigation of the features of bacterial communities in surface sediments of the South China Sea (SCS). In particular, biogeographical distribution patterns and the phylogenetic diversity of bacteria found in sediments collected from a coral reef platform, a continental slope, and a deep-sea basin were determined. Bacterial diversity was measured by an observation of 16S rRNA genes, and 18 phylogenetic groups were identified in the bacterial clone library. Planctomycetes, Deltaproteobacteria, candidate division OP11, and Alphaproteobacteria made up the majority of the bacteria in the samples, with their mean bacterial clones being 16%, 15%, 12%, and 9%, respectively. By comparison, the bacterial communities found in the SCS surface sediments were significantly different from other previously observed deep-sea bacterial communities. This research also emphasizes the fact that geographical factors have an impact on the biogeographical distribution patterns of bacterial communities. For instance, canonical correspondence analyses illustrated that the percentage of sand weight and water depth are important factors affecting the bacterial community composition. Therefore, this study highlights the importance of adequately determining the relationship between geographical factors and the distribution of bacteria in the world's seas and oceans.
. Fry et al. [13] surmised that the dominant bacterial clones at subseafloor levels were Gammaproteobacteria, Chloroflexi, and candidate division JS1, which accounted for 18.9%, 17.3%, and 26.1% of all subseafloor bacterial clones, respectively. Other researchers have focused on marine surface sediments, such as shallow subsurface sediments from the Mediterranean [19, 40] , the Skagerrak [41] , the German Wadden Sea Tidal-flats [62, 63] , and the Benguela Upwelling System [48] . In these latter studies, the bacterial communities were seen to be distinct from those observed through the ODP in the Pacific Ocean and its surrounding seas.
The South China Sea (SCS) is the largest marginal sea separating Asia from the Pacific Ocean. Bathymetrically, the SCS comprises three parts: the Deep Basin, the Continental Slope, and the Continental Shelf [57] . It is a preferential area for the study of microbial distribution owing to its diverse submarine topography. For years, a number of Chinese research groups have focused on bacterial diversity in the Nansha Area [10, 31, 64] , the Xisha Trough [32] , and the Bashi Channel [50] . Studies have also focused on the depth distribution of bacterial communities in two cores, which were collected from the Shenhu Area [27] and the southwestern Taiwan Basin [66] . Recently, Wang et al. [55] reported on the biogeographical distribution of bacterial communities in surface sediments at 15 sites, which covered a range of 20 to 3,888 m in depth. Unfortunately, however, their results were patchy and no comparable bacterial 16S rRNA gene libraries at different locations were obtained.
In this study, we have collected seven samples from the Nansha Coral-reef Platform, the West Slope, the North Slope, and the Xisha Trough. These have been examined through the cloning of PCR-amplified 16S rRNA genes, and the construction of a 16S rRNA clone library, in order to investigate the bacterial diversity in SCS surface sediments. The results have provided us with an opportunity to compare and contrast in detail the bacterial biogeographical distribution patterns observed. Fig. 1 . Deep-sea sediments were obtained using a gravity box-coring device-CASQ core sampler. The CASQ box core sampler had a 25 × 25 cm 2 section area. On board, the core was opened from the side and subsamples for microbial analyses were taken from the center of the core under sterile conditions and stored in airtight sterile PVC tubes in a -80 o C freezer.
MATERIALS AND METHODS

Site Descriptions and Sampling
DNA Extraction and 16S rRNA Gene Clone Library Construction Bulk DNA was extracted from the sediment samples following the method employed by Zhou et al. [67] . The 16S rRNA gene fragments of bacteria were amplified using the primers Eubac 27F and Eubac 1492R [11] . The PCR products were cloned into the pMD-18T vector (TaKaRa, Japan) for the construction of clone libraries. Vector primers T7 and SP6 were used to re-amplify 16S rRNA gene inserts from individual clones to generate template DNA for RFLP analysis by using MspI (Fermentas, China).
Two to three representative clones for each RFLP type were identified and sequenced using an ABI3770 system (Invitrogen Co., CA, USA). The resultant sequences were grouped into operational taxonomic units (OTUs) based on a 3% or less sequence divergence with the DOTUR program [49] . Related sequences were BLASTsearched in the NCBI databank.
All of the 16S rRNA gene sequences in this study were checked for chimeras using the CHIMERA_CHECK program of the Ribosomal Database Project web site. The non-chimeric sequences, as well as the closest GenBank relatives identified via BLAST searches, were aligned with the ClustalX program (ver. 1.8). Phylogenetic analyses were conducted using PAUP software (ver. 4.0 b10) [51] . The phylogenetic relationships were determined utilizing the neighbor-joining algorithm with Juke-Cantor corrections.
Accession Number of Nucleotide Sequences Bacterial 16S rRNA gene sequences have been deposited in the GenBank database with the following accession numbers: EU048662-EU048694, EU048048608-EU048636, EU385999-EU386044, EU386045-EU386075, EU386076-EU386099, EU386100-EU386114, and EU386115-EU386132.
Statistical Analyses
Percentage of Good's coverage (C) was calculated according to the following formula [54] :
where n 1 is the number of OTUs occurring once, and N represents the total number of OTUs in the library. The Shannon-Wiener diversity index (H') and species richness estimator were calculated using SPADE software [6] . Cluster analyses, based on community composition, were conducted by PAST (Palaeotological Software Package for Education and Data Analysis) software to identify similarities of bacterial communities. Canonical correspondence analyses (CCA) were executed in CANOCO 4.5 to determine the correlations between bacterial community compositions and physicochemical parameters. The values of total organic carbon, δ 13 C of TOC, sand weight percentage (wt%), silt wt%, and clay wt% were measured and presented in reference [61] .
RESULTS
Diversity Analyses and Rarefaction Analyses
A total of 14 bacterial clone libraries were constructed for the SCS surface sediments ( Table 1 ). The ShannonWiener diversity index of the bacterial clone library ranged from 3.1 to 3.8, averaging 3.6 ± 0.06 (SE). ACE richness estimates ranged from 30 to 91, averaging 64 ± 9 (SE). The values of Good's coverage ranged from 77.5% to 95.7%, suggesting that the bacterial clone libraries were large enough to represent bacterial diversities.
Bacterial Community Structure A total of 196 unique phylotypes were identified at the 3% OTU level according to phylogenetic analyses of the bacterial 16S rRNA gene clones library, and most sequences were clustered into 18 phyla (Fig. 2) . The bacterial community composition based on the 16S rRNA gene clone library is presented in Fig. 3 and Supplementary  Table S1 . Planctomycetes, Delta-proteobacteria, candidate division OP11, and Alpha-proteobacteria dominated bacteria in the SCS surface sediments, averaging 16%, 15%, 12%, and 9% of bacterial clones, respectively. OP3, OP8, TM6, Spirochaetes, and Acidobacteria were also common in the SCS surface sediments, but at a lower percentage (3-5%) of the clones. In addition, Chloroflexi, Verrucomicrobia, Bacteroidetes, Deferribacteres, Firmicutes, Nitrospirae, JS1, WS1, BRC-1, and TG1 made up a fraction of the bacterial clones.
Planctomycetes dominated the bacteria in the MD05-2896 and MD05-2902 surface sediments, making up 17% and 20% of clones, respectively. Within Planctomycetes, most sequences shared a high similarity (90-99% similarity) with clones retrieved from the Peru Margin and Forearc Basin deep-sea sediments [23, 45] , the Baby Bare Seamount and the Mid-Atlantic Ridge hydrothermal sediments [20, 30] , the Mediterranean cold seep sediment [19] , and freshwater pond sediment [3] . A small number of sequences in this group were related (89% similarity) to the anaerobic ammonia oxidation bacteria Candidatus Anammoxoglobus propionicus and Candidatus Scalindua brodae.
Delta-proteobacteria dominated bacteria in the MD05-2894, MD05-2898, and MD05-2905 surface sediments, accounting for 14%, 19%, and 15% of bacterial clones, respectively. The majority were closely related (89-96% similarity) to clones retrieved from the Cascadian Margin deep-sea sediments [28] , the Wadden Sea intertidal sediment [34] , the Baby Bare Seamount hydrothermal sediment [20] , and the Yellowstone hot spring sediment [21] . Additional close relatives (86-96% similarity) belonged to the genus Geobacter, including Geopsychrobacter and Desulfatibacillum.
OP11 dominated bacteria in the MD05-2900 and MD05-2903 surface sediments, representing 19% and 20% of bacterial clones, respectively. The OP11-affiliated sequences were related to clones detected from various marine and terrestrial habitats, including the Peru Margin deep-sea sediment [23] , marine tidal mat [17] , the Okinawa hydrothermal sediment [22] , contaminated sediment [1] , Mangrove soil (unpublished data), and mineral water [53] . Members of Alpha-proteobacteria were prevalent amongst bacteria in the MD05-2900 surface sediment, making up 19% of bacterial clones. Most sequences were affiliated with the genera Rhodovibrio, Roseobacter, Parvibaculum, Rhodobium, and Hyphomicrobium. A minor component of this group were related (91-92% similarity) to clones detected from the western Pacific deep-sea sediments [65] and the Antarctic Lake, which is permanently covered in ice [15] .
Gamma-proteobacteria and Chloroflexi, which are generally known to dominate subseafloor bacteria [13] , were less abundant in the SCS surface sediments examined. Gammaproteobacteria-affiliated sequences were related (84-94% similarity) to the genera Coxiella, Legionella, and Thioalkalivibrio. Sequences belonging to Chloroflexi were closely related (85-98% similarity) to clones detected from freshwater ponds [3] , the Baby Bare Seamount hydrothermal sediment [20] , the Peru Margin deep-sea sediment [23] , the Mediterranean cold seep sediment [19] , and the hydrocarbon seep (unpublished data). Acidobacteria are sometimes abundant in marine surface sediments [13] , and they made up a minor component of bacterial communities in the SCS surface sediments tested. The Acidobacteria observed in this study were related (84- 94% similarity) to the genera Holophage and clones isolated from the mid-Atlantic Ridge hydrothermal sediment [30] , contaminated sediment [1] , marine tidal mat [17] , and Mangrove soil (unpublished data).
Statistical Analyses of Bacterial Community Composition
Cluster analyses of bacterial communities were performed to determine their composition. The cluster analyses divided communities into three clusters, each representing a specific community type that was closely connected with water depth or submarine topographies. According to the cluster analyses, the slope community and the coral reef platform community shared a higher degree of similarity than the deep-sea basin community (Fig. 4) . In addition, the cluster analyses separated the former two community types to some extent.
A CCA was adopted to determine any correlation between bacterial community composition and environmental variables. From the conditional effects of physicochemical variables, sand wt% was the most significant factor affecting bacterial community composition (P = 0.002, F = 2.79), followed by water depth (P = 0.022, F = 2.21), TOC (P = 0.064, F = 1.99), clay wt% (P = 0.244, F = 1.44), silt wt% (P = 0.236, F = 1.37), and δ 13 C (P = 0.47, F = 0.91). In fact, only sand wt% and water depth qualified for the final model, when a 0.05 probability threshold level for entry of a variable was adopted. The ordination diagram reveals the latter observation, and separates the deep-sea basin community type (MD05-2902) from the other two community types (Fig. 5) .
DISCUSSION
Bacterial Diversity in the SCS Surface Sediments
The SCS is a marginal sea on the western rim of the Pacific Ocean; however, the SCS surface sediment bacterial community is different from those seen in continental margin sediments along the Pacific Ocean [13] . It can be observed from the summary of the proportions of bacterial groups ( Fig. 3 and Table S1 ) that bacterial diversity in the SCS surface sediments is dominated by Planctomycetes, Delta-proteobacteria, candidate division OP11, and Alphaproteobacteria.
Planctomycetes have been identified in diverse environments, such as freshwater, hot springs, marine environments, and soil [23, 29, 35, 43, 45, 56] . Past studies have revealed that Planctomycetes are common in sediment habitats at hydrate-bearing sites along the Pacific Ocean [23] , but are also occasionally detectable in other deep-sea sediments [39] . An additional finding indicates that Planctomycetes are abundant at all depths from the core DSH-1 (the southwestern Taiwan basin) [66] . Whether Planctomycetes are one of the dominant groups in the SCS sediments has remained less understood. In this study, we found that Planctomycetes have a broad distribution and dominate bacterial clones in SCS surface sediments.
Proteobacteria have been frequently detected in subseafloor sediments, and there has been observed a great deal of variability in their proportions, ranging from a few percent to near the whole makeup of bacterial clones [24, 25, 29, 33, 37, 42, 52] . Overall, the average percent has been noted as being 37.4% in the subseafloor sediments [13] . In the SCS surface sediments, the percent ranged from 17-38%. The Proteobacteria group has been divided into five subgroups: Alpha-, Beta-, Gamma-, Delta-, and Epsilonproteobacteria. The community components of Proteobacteria appear to vary in subseafloor habitats [13] . Every subgroup appears to have its own biogeographical distribution pattern. Previous investigations have provided an indication that Gamma-and Delta-proteobacteria usually dominate bacteria in marine surface sediments, while on occasion members of the grouping Alpha-proteobacteria are also abundant [2, 18, 36, 38, 39, 52, 60] . We also found that the three subgroups were broadly distributed in the SCS surface sediments, but that Delta-proteobacteria was the only dominant subgroup, with Alpha-proteobacteria sometimes observed plentifully. This result is consistent with other investigations of bacterial diversity in the SCS [55, 66] .
Members of the grouping Candidate division OP11 were first identified in sediments from the Obsidian Pool of Yellowstone National Park and have since carried their namesake [21] . Harris et al. [17] reported that OP11 bacteria are often detected in reducing environments with abundant sulfate and sulfide. Candidate division OP11 bacteria have been noted as being absent or making up only a small fraction of bacterial clones in the Peru Margin and Cascadian Margin subseafloor sediments [13] . Our own investigation has revealed that OP11-affiliated sequences are plentiful in SCS surface sediments. This then helps confirm the previous finding that OP11 sometimes dominate marine surface sediment bacteria.
Relationship Between Bacterial Communities and Geographical Factors
According to the cluster analyses, the bacterial spatial distribution in the SCS surface sediments corresponded with the submarine topography, and the bacterial community similarity is likely independent of the distance. For example, site MD05-2904 is close to site MD05-2902 (Fig. 1) , but the bacterial communities were seen to be dissimilar because these two sites are located within different topographical types. Similarly, sites MD05-2905 and MD05-2898 are far from each other (Fig. 1 ), but they are of the same topographical type, and it is notable that the bacterial communities shared a similar makeup.
It is known that bacterial communities are influenced by the geochemical and geological environment [23] . For sedimentary systems, physicochemical conditions including organic carbon content and particle size have been interpreted as control factors of bacterial communities [47] . We chose water depth, TOC, δ 13 C, and sediment grain composition as environmental factors, and then we discussed the speciesenvironment relationship. The CCA analyses illustrated that sedimentary sand wt% and water depth are the most important factors affecting bacterial community structure in SCS surface sediments. Sedimentary sand wt % was seen to have a significant positive correlation with WS3, Actinobacteria, and Bacteroidetes, when performing a relative analysis between the two environmental factors and each bacterial group. The Pearson's correlation Sediment in the deep sea mainly consists of terrigenous sediments, particles formed by living organisms, and particles formed by chemical processes. Terrigenous sediments are derived from land. Marine transport of most terrigenous sediments to the deep sea is by gravity-driven movement (bottom current) [16] . Proportions of different particle sizes in sediment can reflect the mechanisms of transport to the site of deposition. In moving currents, the capacity to transport particles in suspension, or by bouncing along the bottom, depends on the velocity of the water. The amount of sediment that can be carried, as well as the maximum diameter of particles transported, is directly proportional to the current's velocity (or strength). Thus, rapid currents transport coarse as well as fine sediments, whereas slow currents may only be capable of transporting very fine sediments. The sand (coarse-grain component) wt% was highest at site MD05-2902, illustrating that the strongest bottom current was located there. We speculate that bottom current strength may separate the MD05-2902 bacterial community from the others. In addition, turbidity currents are the major mechanism of transport of shallowwater sediments to deep basins. The core MD05-2902 had a series of layers that could be interpreted as turbidity current deposits [58] . However, whether the MD05-2902 bacterial community structure composition was the result of turbidity currents remains to be determined. In contrast to our study, Etter and Grassle [12] found that species diversity was a significantly positive function of sediment particle size diversity in the deep sea. Girvan et al. [14] revealed that soil types, which were determined by soil grain composition, were the principal determinant of the composition of a bacterial community. Our study reveals that another factor, sediment grain distribution, also has a significant effect on bacterial community structure in SCS surface sediment, and that of the different grains; sand content has the most influential effect.
Water depth is a comprehensive environmental factor. Several aspects that are associated with water depth may be relevant to bacterial communities, including light penetration, temperature, and pressure. Cao et al. [5] found that water depth affected the ecological pattern of ammoniaoxidizing Archaea in Western Pacific surface sediments, and they considered temperature to be the controlling factor. However, in most deep-sea sediments, no light is present and temperatures are close to freezing (-1 o C to 4 o C) [26] . Thus, both temperature and light penetration have limited influences on microbial communities in SCS surface sediments. Pressure is the result of the weight of all the water above pushing down on the water below. The pressure depends only upon water depth, and pressure increases with water depth. Therefore, we can infer that pressure might well be the most important factor associated with water depth for bacterial communities in SCS surface sediments. However, this hypothesis requires further confirmation. δ
13
C values are often used to assess sources of organic matter in marine environments. Assuming δ
C values of -20‰ for "pure" marine and -27‰ for "pure" terrigenous organic matter [44] , there is not much difference in the proportion of terrigenous and marine components amongst SCS surface sediments. As such, sources of organic matter have a limited influence on microbial communities in SCS surface sediments. Organic carbon content was a factor correlated with the vertical distribution of bacterial communities at a hydrate-containing site of the North Sea and the biogeographical distribution of bacteria in the Andaman Sea [4, 47] . However, it had a weaker relationship with bacterial diversity in the SCS surface sediments examined. In addition, other physicochemical factors may have higher correlations. For instance, Colwell et al. [7] reported that there was a significant correlation between bacterial community composition and methane concentrations.
Moreover, we note that our samples were not sufficient to reveal any relationship between the distribution of bacteria and submarine topographical type. Unfortunately, the data collected in previous investigations were incomparable with ours because these data appeared to have lost much diversity information, either because a smaller bacterial clone library was employed, or a different technique altogether was utilized. We did, however, try to add these data to our own cluster analyses, but the results were far from our expectations, showing that there was no association at all between bacterial community composition and submarine topographical type.
In summary, bacterial communities in the SCS surface sediments were distinct from other marine sedimentary bacterial communities. The cluster analyses and CCA revealed a spatial separation of the bacterial communities, and the biogeographical distribution of the bacterial communities was related to sand wt% and water depth. The statistical interpretation of bacterial community structure was limited by the availability of comparable variables.
